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EXECUTIVE SUMMARY 

This report summarizes changes in heavy rainfall frequency and intensity using historical 

observations and bias-corrected future project ions. In addition, a  comprehensive evaluation of 

three heavy rainfall events that were responsible for flooding in the City of Virginia Beach 

during 2016, and comparison to regional Probable Maximum Precipitation estimates is 

provided. Finally, we provide a review of rainfall design guidance in the context of non-

stationarity and future conditions. Based on the analyses and findings within the report, 

subsequent discussions with City engineers, as well as our own subject matter expertise, we 

recommend that the City increase design rainfall intensities by 20% to account for already 

occurring and/or future increases in heavy rainfall. Below we present the findings that support 

this recommendation.  

Historical trends show increases in 24 -hour Annual Maximum  Series . Chapter 1 

of the report calculates trends in Annual Maximum Series (AMS) in the Virginia Beach region. 

AMS is the key variable used to develop design rainfall guidance such as NOAA Atlas 14, hence 

it carries significant weight for design purposes. Over the 70-year period of the Norfolk Airport  

rain gage, there has been a 0.2 inch per decade trend, or about 7% per decade, showing 

increases in the Annual Maximum Series of 24-hour rainfall. Extending the rainfall record 

further back to the early 1900s suggests a smaller increase of about 3% per decade, though this 

is statistically significant. Given that land development planning considers time scales of 

several decades or more, it is very likely that the already observed changes have resulted in an 

increase in runoff to current levels that exceed the original design specifications. An analogous 

argument applies for current planning for future land development.  

Moreover, Chapter 1 showed the increases are not just limited to Virginia Beach but are 

observed along the entire coastline of the northeast United States, strongly suggesting the 

changes are not simply localized statistical artifacts. 

Future Projections Generally Show Increases In Heavy Precipitation . Chapter 2 

of the report used bias-corrected future projections of heavy rainfall derived from downscaled 

global climate models to estimate changes in the Precipitation-Frequency Curve. Two future 

scenarios were considered: the intermediate emission Representative Concentration Pathway 

(RCP) 4.5, and the high emission RCP8.5. Furthermore, for RCP8.5, two different sets of 

simulations were analyzed: one using high resolution models and one using medium resolution 

models. The high resolution model simulations were unavailable for the RCP4.5 scenario at the 

time of the analysis. 
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Across the entire PF curve, the RCP4.5 scenario showed an increase of 4% by 2045 and 6% 

by 2075. However, the increases were most drastic for the more frequent events; for example, 

the 1 in 2 year event was projected to increase by 16%. Assuming an estimated planning 

time frame of 40 years into the future (~2060), averaging the 2045 and 2075 

projections for the RCP4.5 scenario suggests  a ~5% increase in the PF curve.  

Meanwhile, the analogous RCP8.5 scenario projected an overall increase of 16% by 2045 

and 32% by 2075. The higher resolution models projected similar or even greater overall 

increases of 22% by 2045 and 31% by 2075. Once again, assuming an estimated planning 

time frame of 40 years into the future (~2060 ), the RCP8 .5 scen ario s suggest 

increase s in the PF curve of about 24% to 27%, depending on model resolution . 

Historical gage -based Precipitation -Frequency curve estimates are on the 

higher end of NOAA Atlas 14.  NOAA Atlas 14 Precipitation-Frequency (PF) guidance for 

Virgin ia Beach was developed by fitting several statistical distributions to local gage estimates, 

followed by selecting the one with the best fit. However, it is essential to note that the 

distribution is statistical, and not physical based. In turn, there are frequently situations where 

parts of the Atlas 14 PF curve may differ from the empirical PF curve of gages contributing to 

Atlas 14. To illustrate, the plot below shows the Atlas 14 PF estimates for 24-hour rainfall at 

Virginia Beach, compared to two long-record gages for the area: Norfolk Airport (ORF) and the 

Oceana Naval Air Station (NAS). Note that overall, the Atlas 14 fit does a reasonable job of 

capturing the gage estimates. On the other hand, a closer inspection shows potentially 

noteworthy differen ces. For example, the Atlas 14 estimate for the 10 year event is 5.6 

inches, with a range of 5.2 to 6.2 inches when incorporating uncertainty. 

However, the analogous empirical estimates from ORF and NAS are 6.2 and 6.0 

inches , which is 7 -10% higher than  At las 14 guidance . The 10 -year rainfall for is of 

particular importance because it is currently used for runoff modeling  especially 

in the context of land development . It is possible that without any changes in 

future conditions, the Atlas 14 gu idance is cur rently underestimating the local 10 -

year rainfall amount.  

The differences between empirical gage estimates and Atlas 14 are not readily apparent but 

may be due to the fact that different processes are responsible for relatively more frequent 

events (e.g. 2-8 year) versus less frequent events (e.g. 10-100 year). For example, Norôeasters 

can be responsible for a given yearôs Annual Maximum 24-hour rainfall, but generally do not 

produce precipitation exceeding the 1 in 10 year value. Meanwhile, tropical events, while less 

frequent, produce the majority of the more extreme rainfall events.  
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Atlas 14 Precipitation-Frequency estimates compared to Norfolk Airport and Oceana Naval Air Station (most likely value is the 

black line; the green band is the 90% confidence level). Both gages show precipitation values above the Atlas 14 guidance 

above the approximate 7-yr recurrence interval.  

 

In summary,  

¶ Historically, precipitation Annual Maximum Series have trended upward between 3 -7% 

per decade. Using an average of 5% would suggest a 20% increase given a 40-year 

horizon.  

¶ Future projections support increases of 5% for the intermediate scenario to 24-27% in 

the high scenario by 2060. A blend of the two to account for uncertainty in the actual 

outcome warrants a 15-16% increase. 

¶ Current Atlas 14 guidance for the 10 year rainfall event may be 7-10% below the actual 

localized value based on analysis of two long-record rain gages in the area. If such is the 

case, then even using the intermediate RCP4.5 projections of 5% would already warrant 

a 12-15% increase in the Precipitation Frequency curve. 

Given these observations, an increase of the Cityôs design guideline for rainfall intensity is 

justified. We recommend an increase of 20% over existing guidance for projects that have a 

typical lifecycle of 40 years.   
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INTRODUCTION 

Analysis of historical trends in observed rainfall have ind icated increases in heavy rainfall 

occurrence across the entire contiguous United States. Figure 1, from the 3rd National Climate 

Assessment (NCA; Melillo et al. 2014) report, shows the percent change in the occurrence of 1% 

daily rainfall, using the 1958-1988 period as the baseline. Although increases in heavy rainfall 

frequency have been observed across the entire US, particularly strong changes have been 

documented in the Northeast, Southeast and Upper Mississippi River valley regions. The 

implications o f Figure 1 are especially noteworthy for the Northeast and Mid -Atlantic regions, 

but it is difficult to use such regionally aggregated results for local-scale decision support.  

 

Figure 1: Observed change in very heavy precipitation events (i.e. downpours, the heaviest 1% of annual rainfall 

events). Source is 3rd National Climate Assessment, http://nca2014.globalchange.gov/report/our-changing-climate/heavy-

downpours-increasing. 

http://nca2014.globalchange.gov/report/our-changing-climate/heavy-downpours-increasing
http://nca2014.globalchange.gov/report/our-changing-climate/heavy-downpours-increasing
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In this document, we perform a comprehensive investigation of heavy rainfall trends and 

probable maximum precipitation within the Virginia Beach (hereafter, ñVBò) area. In Chapter 

1, we consider only histori cal data and perform gage-level, local-level and regional-level 

analyses. Frequency and intensity changes are considered separately to increase confidence in 

the analysis.  

In Chapter 2, we investigate future projections of heavy rainfall using relatively high-

resolution simulations based on the Intergovernmental Panel on Climate Change (IPCC) 

Coupled Model Intercomparison Project, Phase 5 (CMIP5). CMIP5 was used to inform the 

IPCCôs 5th Assessment Report on expected climate change impacts across the world. Significant 

peer-reviewed literature has suggested that increases in heavy rainfall are likely for the VB area 

(Wehner, 2013; Prein et al. 2016). However, these studies were regionally-aggregated. Our goal 

in this study is to corroborate or provide dissenting evidence for the immediate VB area.  

Chapter 3 performs a comprehensive evaluation of three heavy rainfall events that were 

responsible for flooding in the City of Virginia Beach during 2016. The main objective was to 

determine how observed rainfall amounts compared to the areaôs precipitation-frequency curve 

for a variety of durations. A secondary objective was to compare the rainfall temporal 

distribution with that of the currently used design storm, the NOAA Type C storm. The final 

objective was to evaluate how each event compared to the regionôs Probable Maximum 

Precipitation (PMP) estimates.  

Finally, Chapter 4 provides a review of rainfall design guidance, as related to non-

stationarity and future conditions. A succinct summary of existing Federal  and state guidance 

documents is provided reviewed along with a summary of limited telephone interviews.  

Our intent is to make findings as relevant as possible for engineering applications. Thus, we 

frequently use methods involving rainfall Annual Maximum  Series (AMS), which is the root of 

design-rainfall analyses such as NOAA Atlas 14. Our analysis is focused almost exclusively on 

the 24-hour duration event, which accurately captures the extent of most flood-prone rainfall 

events in the area.  

Conclusions from each of the Chapters are summarized at the end of the document. 
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CHAPTER 1: HISTORICAL ANALYSIS 

Climatology 

The City of Virginia Beach is located in extreme southeast Virginia, where the climate can 

be described as humid subtropical. Because snow represents less than 2% of VBôs yearly 

precipitation, ñprecipitationò and ñrainfallò will hereafter be used interchangeably. Average 

annual precipitation is about 46 inches and is relatively well distributed throughout the year. 

Each month of the year averages at least 3 inches of rainfall, though the wettest months of the 

year are from June through September due to the influence of diurnal thunderstorm activity 

and tropical disturbances with Atlantic Ocean origin.  

Analysis of heavy rainfall in the VB area reveals significant seasonality that is not reflected 

when considering only average statistics. The 24-hour precipitation -frequency curve for VB is 

shown in Figure 2, as reproduced from NOAA Atlas 14 Volume 2, Version 3 (Bonnin et al., 

2006 ). This curve, using data through 2013, shows that five-year 24-hour rainfall is  4.7 inches 

(range of 4.3 to 5.2 when incorporating uncertainty), 2 5-year 24-hour rainfall is  7.0 inches 

(range of 6.3 to 7.7), and 100-year rainfall is 9.4 inches (range of 8.4 to 10.3). However, as 

shown in Figure 3, the chance of experiencing heavy rainfall is significantly skewed towards the 

JuneðOctober period. For example, the chance of experiencing a two-year 24-hour event is 

about 13 times higher in September as compared to April.  

 

Figure 2: NOAA Atlas 14 precipitation-frequency curves for 24-hour rainfall for a location near VB. The black curve is the 

ñmost likelyò estimate, while the green and red curves denote the high and low bounds using the 90% confidence level. 
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Figure 3: Seasonality analysis for 24-hour precipitation for a location near VB. The percent chance of observing an event 

exceeding the indicated threshold is shown for the 2-, 5-, 10-, 25- 50- and 100-year recurrence interval. Note that the late 

summer and fall months show the highest probabilities of occurrence. 

To gain a deeper understanding of VBôs heavy rainfall climatology, we performed a 

meteorological analysis of each event over the past 70 years that produced at least 3.7 inches of 

rainfall  over a 24-hour period  at either  the Norfolk or V B long-record rain gages. This value 

corresponds to roughly the one in two-year (50% chance) event. For each of the 53 identified 

events, we noted the 24-hour and 72-hour rainfall  at both gages and performed two additional 

classifications. First, we noted whether the event was Tropical (or Extra-tropical) or Non -

tropical in origin (e.g. Norôeaster or stationary front). Note that an Extra-tropical classification 

indicates the event had some direct connection to the Tropics, but was not officially classified 

as a tropical storm or hurricane at the time of influence.  Second, we subjectively assessed 

whether the immediate VB area was under the maximum event accumulation, or  ñBullseyeò, of 

the regional rainfall field produced by the event. The Bullseye classification was meant to 

inform whether or not VB experienced a worst -case scenario outcome from the event. Note that 

each eventôs worst-case scenario is dependent on the atmospheric processes available for its 

formation, and there is large event-to-event variability in worst -case scenarios. Results are 

shown in Table 1. 

Of the 53 events, 17 were classified as Tropical, 5 as Extra-tropical and 31 as Non-tropical. It 

is worth noting that 12 of  the 17 Tropical events have occurred since 1998, which equates to an 

average of about two events every three years. In comparison, there was a total  of five Tropical 

events over the 1946-1997 period, which equates to an average of one event every ten years. 
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This is important because Tropical events cause higher rainfall amounts: at the Norfolk gage, 

the mean 24-hour amount across all Tropical events was 4.99 inches, the Extra-tropical mean 

was 4.31 inches and the Non-tropical mean was 3.65 inches. Furthermore, Tropical events have 

accounted for the five highest 24-hour accumulations at the Norfolk gage. Thus, the results in 

Table 1 show that one reason for apparent increase in heavy rainfall in the VB area has been 

due to a recent active stretch of Tropical-related events. An unanswered question raised by this 

analysis is whether this is due to climate change or chance. This was not investigated by the 

current study.  

Table 1 shows another noteworthy result regarding the occurrence of ñBullseyeò events: of the 

53 events, 24 were identified as Bullseye hits and 29 were classified as non-Bullseye. This 

implies that over the period of record (1946-present) every other event was a Bullseye. 

However, since 2003, 11 of 13 events were classified as Bullseye hits. The significance of this is 

similar to the Tropical versus Non -tropical classification: at the Norfolk gage, the mean 24-

hour rainfall for Bullseye events is 4.98 inches while non-Bullseye events average 3.44 inches. 

Thus, Table 1 implies that VB has seen an abnormally high number of Bullseye events over 

approximately the past 15 years, resulting in an anomalously high rate of ñworst-case scenarioò 

type outcomes that were less frequent earlier in the gage record. This has also contributed to 

the apparent increase in heavy rainfall intensity. There is no basis for attributing this to climate 

change, and a coincidence, or simple ñbad-luckò explanation is alternatively proposed. Thus, 

overall, the meteorological analysis shown in Table 1 suggests that the increased occurrence of 

both Tropical and Bullseye events has unquestionably contributed to higher rainfall intensity in 

the past two decades, while discounting climate change as the major factor, though it is likely a 

secondary contributor to an increase in rainf all for any given event.  

Gage-Level Stationarity Assessment 

Design rainfall, such as NOAA Atlas 14, is typically developed using rain gage data. Such 

data is often referred to as ñpointò data because it measures the rainfall at a single, localized 

point i n space (for example, a typical rain gage has a surface area of less than 1 ft2). The benefit 

of conducting a gage-level stationarity analysis is that data is consistent and, given a long 

record length such as that seen in the VB area, the gage provides many observation points from 

which statistical significance can be inferred.     
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Table 1: Summary of meteorological analysis of all 24-hour rainfall events exceeding the one in two-year recurrence interval 

(3.7 inches) between 1946 and 2016 using the Norfolk Airport (ñNorfolkò) OR Oceana Naval Station (ñVirginia Beachò) rain 

gage data. A double-line border is used to separate events into decades. 

Event Date Norfolk Virginia Beach Origin Bullseye 

1-day 3-day 1-day 3-day 

1 11/21/1952 3.31 4.09 4.18 5.31 Non-tropical No 

2 8/13 - 8/14, 1953 3.46 6.28 6.05 10.78 Tropical Yes 

3 8/17/1953 2.00 2.00 4.14 4.14 Non-tropical No 

4 9/27/1953 2.67 2.75 3.93 4.02 Extra-tropical No 

5 8/12/1955 4.47 4.62 3.85 4.01 Tropical Yes 

6 8/19/1957 2.97 3.22 5.09 5.29 Non-tropical No 

7 9/17/1957 1.63 1.99 5.01 5.17 Non-tropical No 

8 6/2/1959 1.47 1.59 4.80 4.83 Non-tropical No 

9 9/28/1959 6.48 6.80 2.34 2.58 Non-tropical No 

10 10/24/1959 3.71 4.19 1.75 2.03 Non-tropical No 

11 8/5/1961 4.45 4.87 0.36 0.56 Non-tropical No 

12 10/3/1962 3.30 4.12 5.97 7.27 Non-tropical No 

13 6/2/1963 5.76 7.64 3.96 5.33 Non-tropical Yes 

14 9/15/1963 4.98 5.30 2.83 3.26 Non-tropical Yes 

15 8/31 - 9/1, 1964 7.41 11.71 9.84 14.14 Tropical Yes 

16 9/13/1964 4.73 4.80 3.41 3.49 Extra-tropical No 

17 7/30/1966 3.70 3.70 3.01 3.05 Non-tropical No 

18 1/8/1967 3.74 3.80 1.55 1.56 Non-tropical Yes 

19 8/24/1967 3.81 4.76 0.05 1.25 Non-tropical No 

20 3/17/1968 2.94 3.15 4.09 4.30 Non-tropical No 

21 7/27/1969 4.72 7.07 1.95 3.29 Non-tropical No 

22 9/30/1971 3.49 6.48 3.75 6.68 Tropical No 

23 9/2/1972 1.16 1.21 4.09 4.12 Extra-tropical No 

24 7/26/1974 3.81 3.90 3.18 4.21 Non-tropical Yes 

25 7/9/1976 0.56 0.56 4.09 4.12 Non-tropical Yes 

26 9/5/1979 4.31 4.60 3.85 3.85 Tropical Yes 

27 8/15/1980 4.13 4.13 4.28 4.30 Non-tropical Yes 

28 8/12/1986 0.73 1.69 5.29 8.34 Non-tropical No 

29 7/11/1990 1.07 1.62 5.88 6.63 Non-tropical No 

30 8/24/1990 4.32 5.01 1.47 2.49 Non-tropical No 

31 4/20/1991 5.86 5.92 3.06 3.07 Non-tropical Yes 

32 6/22/1991 1.66 1.86 4.55 4.67 Non-tropical No 

33 3/2/1994 3.78 4.38 2.78 3.49 Non-tropical No 

34 2/4/1998 4.75 5.18 6.05 6.35 Non-tropical No 

35 8/27/1998 3.77 6.88 2.93 3.39 Tropical No 

36 9/15/1999 5.03 6.81 NA NA Tropical Yes 

37 10/17/1999 6.23 7.29 NA NA Tropical Yes 
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Table 1, continued: Summary of meteorological analysis of all 24-hour rainfall events exceeding the one in two-year 

recurrence interval (3.7 inches) between 1946 and 2016 using the Norfolk Airport (ñNorfolkò) OR Oceana Naval Station 

(ñVirginia Beachò) rain gage data. A double-line border is used to separate events into decades. 

Event Date Norfolk Virginia Beach Origin Bullseye 

1-day 3-day 1-day 3-day 

38 6/16/2001 4.39 4.51 4.48 4.55 Tropical No 

39 9/16/2002 3.79 3.96 1.45 1.45 Non-tropical No 

40 10/11/2002 3.45 3.61 5.33 5.40 Tropical No 

41 9/18/2003 4.02 4.02 2.12 2.15 Tropical Yes 

42 8/14/2004 3.72 5.75 2.66 3.73 Tropical Yes 

43 6/14/2006 4.06 4.06 NA NA Extra-tropical Yes 

44 9/1/2006 8.93 10.22 NA NA Extra-tropical Yes 

45 11/12/2009 4.90 7.71 6.96 10.56 Non-tropical Yes 

46 7/29/2010 4.64 4.64 3.58 3.58 Non-tropical No 

47 9/30/2010 7.85 8.90 3.57 4.25 Tropical Yes 

48 8/27/2011 7.92 8.19 NA NA Tropical Yes 

49 10/28 - 10/29, 2012 3.87 6.25 4.78 9.54 Tropical Yes 

50 9/8/2014 3.05 4.78 5.13 6.66 Non-tropical Yes 

51 7/31/2016 6.98 7.55 1.41 1.85 Non-tropical No 

52 9/20 - 9/21, 2016 3.93 9.35 3.92 6.97 Tropical Yes 

53 10/8/2016 7.44 9.24 7.70 7.70 Tropical Yes 

 

For this analysis, we selected the Norfolk Airport rain gage (GHCN USW00013737), which 

contains no more than nine missing days in any given year since 1946. A secondary gage, the 

Diamond Springs gage (GHCN USC00442368), is located less than one mile from the Norfolk 

Airport gage and was used to extend the data through 1911. 

Figure 4 shows the time series of the Annual Maximum Series (AMS) of daily rainfall data 

for the Norfolk gage, alone. The mean value is 3.6 inches, though the data is heavily skewed 

with a strong right tail. The 10 th and 90th percentile of the AMS is 2.2 and 5.9 inches, 

respectively, reiterating the significant skew due to rare, but high amounts. A linear trend fit to 

the time series shows a statistically significant positive trend with a magnitude of about 1.98 

inches per century. Visual inspection of Figure 4 also clearly indicates the presence of low-

frequency variations with a period of approximately 50 years. For example, note the occurrence 

of multiple high peaks in the late 1950s and 1960s, followed by a relative lull in the 1980s, 

during which no events above five inches were observed, followed by a resurgence in the late 

1990s through the present. 
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As the flooding threat is not restricted to the highest -intensity AMS events, we also 

investigate changes in rainfall frequency using the Peaks-Over-Threshold (POT) approach. 

Figure 5 shows the resulting time series of annual POTs using a threshold of 1.25 inches per 

day. This value was selected because it results in an adequate number of events per year from 

which statistical significance can be assessed. Later in the analysis, a POT method using 

accumulated event occurrence is explored for the one in two-year and one in five-year event 

intensity. The mean value in Figure 5 is 7.7 days per year, though a positive trend is apparent. 

A linear trend fit to the time series again shows a statistically significant positive trend with a 

magnitude of 4.3 days per century, implying a strong increase given that this is more than 50% 

of the mean value. This slope is significant at the 95% confidence level. Thus, the results of 

Figures 4 and 5 show robust increases in both the intensity and frequency of heavy rainfall at 

the Norfolk Airport gage since 1946. 

 

 

Figure 4: Annual Maximum Series of daily rainfall at the Norfolk Airport rain gage.  
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Figure 5. Same as Figure 4 except for annual daily rainfall events exceeding 1.25 inches. 

 

Since heavy rainfall statistics can be extremely sensitive to the length of the data record, a 

longer record provides more confidence if a trend is detected. To extend the Norfolk Airport 

record length, we used the nearby Diamond Springs gage. This gage was in service from 1911 

through 1980 and thus overlapped with the Norfolk Airport gage for 34 years. However, a 

scatter plot of AMS between the two gages (Figure 6, left panel) shows a surprising amount of 

spread. This was determined to be caused by a difference in the observation time at the two 

gages. To correct this issue, hourly data is needed, but this is not available at the Diamond 

Springs gage. Another method of correcting the timing issue is to use longer durations such as 

the 48-hour rainfall totals. As shown in the right panel of Figure 6, using the 48 -hour AMS 

shows a near one to one relationship between the two gages and thus was used to extend the 

record length. 
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Figure 6: Scatter plot and R-squared value correlating AMS at the Diamond Springs (y-axis) and Norfolk Airport (x-axis) gages 

using the 24-hour (left) and 48-hour (right) durations. 

 

Figure 7 shows the 48-hour AMS when combining the Norfolk Airport and Diamond 

Springs gages (hereafter, ñblendedò Norfolk gage). The blended record was created by first 

finding Diamond Springsô AMS values, and then superseding them with the Norfolk Airport  

value (though the order of this  operation could be switched with no effect on the final result). 

Although the Diamond Springs gage data is available through 1911, there were many years with 

insufficient record coverage (defined as ten or more missing days per year) as seen by the gaps 

in Figure 7. Nonetheless, the blended Norfolk record continues to show a positive trend in AMS 

intensity. However, the slope is now lower at 1.3 inches per century (though still statistically 

significant at the 95% confidence level), compared to nearly 2 inches per century in Figure 4. 

Thus, a comparison of Figures 4 and 7 suggests that there has been a recent acceleration in the 

AMS trend, a portion of which may be due to climate change. Appendix A shows that climate 

modeling of the historical record indica tes that, at least for temperature data, an 

anthropogenic-forced climate began to differ from a natural climate in the mid -1980s, or about 

30 years prior to the current study . Thus, of the 71 qualifying years of the Norfolk Airport AMS 

(Figure 4), almost 50% of the record can be expected to be influenced by climate change. 

Meanwhile, the Norfolk blended record, at 106 years in length, is only expected to be 

influenced by climate change for 30% of its observations. This would explain the weaker trend 

in Figure 7 compared to Figure 4, though it is essential to stress that the trend in Figure 7 is 

still statistically significant.  
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Figure 7: Trend in the 48-hour AMS at the blended Norfolk gage (combining Norfolk Airport and Diamond Springs rain gage 

data). 

 

Figure 8 shows the annual POT series and trend at the blended Norfolk gage when using a 

48-hour duration and a threshold of two inches. Similarly,  to Figure 5, this value was used to 

provide an adequate number of events per year even though not all events will cause a flood 

risk.  Additionally, as in  Figure 5, a visual inspection suggests a clear upward trend, which is 

confirmed using a linear regression. However, the linear trend, with a magnitude of 1.9 days 

per century, is only signif icant at the 88% confidence level. Thus, when interpreting only data 

from the Norfolk Airport gage (Figures 4, 5), the trends in AMS and POT would appear 

overstated compared to a longer-term record at this location. This does not diminish the fact , 

however, that AMS and POT are still found to increase, though the overall significance was 

more robust for AMS than for POT. 
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Figure 8: Same as Figure 7 except for annual 48-hour Peaks-Over-Threshold, with a threshold of two inches. 

 

Local-Level Stationarity Assessment 

The benefit of conducting gage-level stationarity analysis, as was shown in the previous 

section, is its simplicity in assessing results. However, a notable limitation is that a gage-level 

analysis does not directly inform the flood threat since flooding is more closely tied to rainfall 

volume versus a point amount. We have leveraged the availability of an increasing number of 

quality -controlled rain gage observations to briefly investigate this topic by conducting a ñlocal-

levelò rainfall analysis.  

Figure 9 shows the method used for the local-level analysis. First, a radius of interest 

centered on VB was selected. A radius of 60 miles was used in order to capture all storms that 

either hit VB or were in very close proximity . Next, we accessed all available quality-controlled 

rain gages within the radius of interest. This included data from Cooperative Observer Program 

(COOP), Remote Automatic Weather Systems (RAWS), Weather-Bureau-Army-Navy (WBAN) 

and Community Collaborative  Rain, Hail and Snow Network ( CoCoRaHS) observational 

networks. Finally, we calculated the AMS value of daily rainfall across all gages regardless of 

missing data. In addition to tracking the AMS, we also noted the number of contributing gages 

for each yearôs AMS, as well as the aggregate area covered by gages, which we termed ñcoverage 

areaò. To calculate the latter statistic, we subjectively gave each gage a five-mile radius of 

influence and then tracked the union of all contributing gagesô coverage areas. This measure 

was meant mainly for informational purposes. Figure 9 shows the overlapping coverage area 
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for all available gages during 2015, when the gage count was highest. Figure 10 shows the 

results of the analysis. 

 

Figure 9: Method used for conducting a ñlocal-levelò rainfall analysis. This shows the qualifying gages during 2015, along with 

their ñcoverageò area. 

 

In Figure 10a, we see that by including all gages within the 60 -mile VB radius of interest, we 

can now extend the 24-hour AMS record back through 1869 (though as Figure 10b shows, only 

1 gage is available from 1869 through 1892 for this analysis). The most notable result from 

Figure 10a is that there has been a tremendous increase in 24-hour AMS at the local level. A 

trend line fit to this analysis shows a positive slope exceeding 3.0 inches per century, and is 

statistically significant at the 99% confidence level. However, a major complication in fi tting a 

simple trend line  is that there has also been a large build-up of quality controlled stations. In 

other words, heavy rainfall events have become better sampled, which alone could cause an 

increase in values regardless of whether or not other factors such as climate change are 

present.  
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Figure 10b shows three main time periods at which the gage network sharply increased. 

First, in 1893, four rain gages were added to the original gage providing a total of five gages. 

Next, starting around 1940, the gage count again increased from about six to more than 20 by 

1950. A notable increase in the AMS intensity was associated with this, simply from better 

monitoring of the area. The final , and most dramatic increase in gage count started around 

2000 when contributing gages increased from about 15 to over 100 in 2015 [see Figure 9 for 

2015 gage ñcoverage areaò]. This was due to the expansion of the CoCoRaHS network. Another 

notable increase in AMS in the area has been associated with this increase. For example, of 

eight AMS values exceeding ten inches since 1869, seven have occurred since the ñCoCoRaHS-

eraò started in the late 1990s.  

As Figure 10c shows, there has been an associated increase in the collective gage ñcoverage 

area. Figure 9 shows that in 2015, the coverage area, which is the union of each gageôs assigned 

five-mile radius, now covers over 70% of the land area with the 60-mile radius of interest. As 

more gages are added, the coverage area will eventually approach 100%, slowing the rate of 

AMS increases due to gage inflation . However, it is very difficult to speculate when this may 

happen or what portion of the three-inch per century trend in Figure 10a arises due to gage 

inflation. This would require the partitioning of each gageôs contribution, which is difficult to 

ascertain due to various gage data lengths. 

While th e 60-mile radius used in Figure 10a may be too wide to be of direct influence for 

VB, repeated analyses with radiuses of 25 miles and 15 miles (by the time we limit the radius of 

interest to 15 miles, we are now at scale of the Lynnhaven watershed, which is of direct interest 

to VB), displayed similar results: that inclusion of all gages shows higher trends than 

assessments that only consider the Norfolk Airport and Diamond Springs gages. Thus, the 

salient take-away from Figure 10 is that when expanding the AMS analysis outside of the 

standard protocol of using one rain gage, rainfall recurrence statistics rapidly change. Stated 

differently, what is termed a 100 -year at the Norfolk Airport gage becomes a 1 in 50-year event 

for a 15-mile radius of interest, and 1 in 35-year event for a 60-mile radius of interest.  It is very 

likely that the factors driving the increasing trend in Figure 10a include both gage inflation a nd 

climate change. Although we cannot separate the two, both inform the flood risk in the VB 

region, and are thus important for understanding how design rainfall standards may need to be 

adjusted. 
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Figure 10: Results of local-level rainfall analysis. 
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Regional-Level Stationarity Assessment 

The chief limitation of the local -scale analysis is that many of the gages can be 

simultaneously impacted by the same storm, thus causing correlation among gages to become 

an obstacle when assessing the significance of heavy rainfall trends. To overcome this issue, we 

further expanded the analysis to a ñRegional-Level.ò We subjectively defined such a region, 

hereafter, the ñVB Climate Region,ò as an area in which  heavy rainfall statistics are broadly 

consistent with those of VB. One way to infer the spatial extent of such an area is to look at the 

regional variations in extreme precipitation intensities. Figure 11 shows the variation in the 

100-year 24-hour (100Y-24H) event, a commonly used event for design and planning 

purposes. For VB, this value is 9.4 inches, with a range of 8.4 to 10.3 inches when accounting 

for uncertainty at the 90% confidence level (Bonnin et al. 2006 ). On a regional-level, it is seen 

that amounts of eight- inches or greater parallel the entire eastern Atlantic seaboard from 

central Florida through Massachusetts. This is likely due to the fact that the entire region is 

prone to land falling  Atlantic tropical cyclones that recurve along the US Atlantic coast and 

follow various routes north and no rtheastward. This was already confirmed when looking at  

 

Figure 11: Estimates of 100-year 24-hour precipitation across the eastern United States. 
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the seasonality of heavy rainfall events in VB (Figure 3). Note that the distinct maximum 

during the late summer and fall months  (Figure 3) is consistent with the climatology of Atlantic 

tropical cyclone activity. A simple way to capture these areas with a common climate  is to 

include all rain gages within about 250 km (156 mi les) of the Atlantic coast line. Other pockets 

of eight-inch or greater 100Y-24H magnitudes are seen farther inland, but this is likely due to 

enhancement from topographic features such as the Blue Ridge Mountains. Such processes are 

not relevant for VB heavy rainfall events and thus, these regions are not included in the 

analysis. Note that the Regional-Level analysis differs from the Local-Level analysis by using 

only long-record gages, which can better inform climate  change-related impacts. 

We accessed daily rainfall records from gages belonging to the GHCN. Gages were selected 

based on the following criteria:  

¶ Located within VB ñclimate regionò ï roughly 250 km (156 miles) from Atlantic Ocean 

coastline; 

¶ Years with more than nine days of missing data were excluded; 

¶ The last qualifying year was 2007 or later (see Appendix A); and 

¶ At least 60 qualifying years of data. 

The criteria above yielded 175 qualifying gages as shown in Figure 12.  

 

Figure 12: A total of 175 qualifying, long-record GHCN gages were used for the historical analysis. 
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In a similar approach to the gage-level analysis, we investigated heavy rainfall trends using 

three tests: 

1. Trends in Annual Maximum Series to investigate changes in intensity  ï similar to the 

gage-level analysis presented earlier, but instead of showing the time series at each gage, 

we simply noted whether the trend was statistically significant (positive and negative 

trends were characterized separately) at the 95% confidence level. Statistical 

significance is based on calculating the Spearman correlation between the year and the 

AMS. The Spearman method was preferred over the Pearson method because the 

former is less sensitive to very rare but extreme events that can strongly affect the 

Pearson correlation. Trends are considered significant if they exceed the 95% confidence 

level. 

2. Trends in Peaks-Over-Threshold using the same 24-hour duration and threshold of 1.25 

inches per day. Similar to (1), we were only interested in whether the trend is significant 

at the 95% confidence level. A similar Spearman correlation test as in (1) is used to 

calculate significance. 

3. Changes in the 99th percentile of the rainy -day distribution. This was assessed by finding 

the 99th percentile over the 1985-2015 period and finding the percent change from the 

99th percentile over the 1954-1984 time period. For  additional perspective, we also 

tabulated this percent change for the 70th percentile (corresponding to a ligh t/moderate 

rainfall event), which allowed us to determine whether  the entire rainfall distribu tion is 

changing, or just a portion  of it. For example, peer-reviewed literature has suggested 

that  heavy precipitation events are projected to be more sensitive to climate change that 

light and moderate events (e.g. Prein et al., 2016). 

AMS values are increasing across the region, indicating non-stationar ity well beyond a level 

allowed simply by chance, as illustrated by Figure 13. Figure 13b shows the trend in the daily 

AMS using qualifying gages and data through 2016. The AMS measures the highest daily 

rainfall observed during t he calendar year. Of 175 qualifying stations, 33 stations (19%) show 

significant trends. Using the 95% significance level, we would only expect 18 stations to show 

significant trends, simply by chance. More importantly, of the 33 stations with a significan t 

trend, 29 show positive trends. Again, by chance, we would only expect nine stations to show 

positive trends. Interestingly, the Figure 13a shows the analogous AMS trend, but restricted to 

data through 2004. In that case, only 13 of 140 qualifying gages show trends (all 13 being  
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Figure 13: Trends in Annual Maximum Series (a and b) and Peaks Over Threshold (c and d). Panels (a) and (c) restrict data to 

2004, while panels (b) and (d) use values through 2016. Peaks-Over-Threshold time series are calculated using number of 

annual days exceeding 1.25 inches at each gage. The legend shows the number of statistically significant trends at the 95% 

confidence level. 

 

  




























































































































